A composite longitudinal-torsional vibration mode has applications in ultrasonic motors, ultrasonic welding and ultrasonic drilling. There are two ways to obtain this vibration behaviour using a single transducer, namely (i) coupling of a longitudinal and a torsional mode, which is known to be difficult; and (ii) degenerating a longitudinal mode to deliver longitudinal-torsional behaviour at the horn tip. A mode-degenerating horn is achieved by incorporating helical or diagonal slits in an otherwise traditional exponential horn driven by a Langevin transducer. However, it is often difficult with this configuration to avoid coupling of unwanted bending modes, low responsiveness, and loss of ultrasonic energy due to boundaries between tuned components. Therefore, in this study the mode-degenerating characteristics are achieved by incorporating the helical slits and exponential geometry features in the front mass of the transducer itself. Finite element analysis and vibration experimental analysis show that this strategy prevents coupling of bending modes, increases responsiveness, and reduces energy losses. Most importantly the transducer delivers a very high torsionality.
Introduction
Use of the composite longitudinal-torsional vibration mode in ultrasonic systems has proved successful in a number of applications such as ultrasonic motors, ultrasonic welding and ultrasonic drilling, where advantages are gained from the vibration response patterns achieved. The generation of the longitudinal-torsional vibration mode in an ultrasonic system, consisting of a single transducer with or without an acoustic amplifier (booster) and horn, is generally achieved by making a geometric modification such that a longitudinal mode excited by the transducer can deliver energy to the composite vibration mode. Although energy conversion efficiency may be low, this method has the advantage of simplicity of both manufacture and use. The main alternative, namely using two transducers to generate the two specific modes, is more difficult to achieve and so is a relatively expensive approach [1] .
There are two different techniques by which geometric modification can be used to achieve a composite mode. The first method is coupling a longitudinal and torsional mode so that they resonate at the same frequency, as illustrated by Lin [2] , who performed a theoretical and experimental study on coupling in an exponential horn. To couple longitudinal and torsional modes the wave speed should be the same for both and, in order to reach this condition, careful selection of a decay constant of the cross-section area of the exponential solid horn should be made. However this may produce horns which are long but small-tipped, and therefore poorly suited to many ultrasonic applications.
The second method is degeneration of the excited longitudinal mode in order to deliver a composite longitudinal-torsional response at the tip of the horn. Significant research has been conducted to increase the torsionality of these horns, where torsionality is the ratio of torsional to longitudinal response amplitude at the circumference of the horn tip. In particular, Harkness [3] suggested that a helical flute in the thinner stem section of a stepped horn could increase the torsionality, but these horns appear to be especially vulnerable to the simultaneous excitation of unwanted bending modes.
In this paper a new method is proposed, which degenerates the longitudinal vibration mode of an ultrasonic transducer to produce a longitudinal-torsional composite mode in the transducer itself, rather than in an attached horn as proposed in previous studies. Geometric modifications in the front mass of the transducer, including exponential cross-sectional area reduction and slotting, are used to increase the torsionality, eliminate the excitation of unwanted bending modes, and reduce ultrasonic energy losses by reducing the number of inter-component boundaries.
Principle of mode conversion using slots
The use of slots to convert longitudinal vibration into composite longitudinal-torsional behaviour has been explained by Tsujino [4] . For a cylindrical wave-guide, cutting shallow slots around the circumference, such that the inner part remains unslitted, leads to conversion of the incident longitudinal wave from a vibration source on the input side to a torsional wave at the diagonal slits, whilst the remainder of the wave progresses unaltered through the unslitted core. In this paper, these principles have been employed in a bolted Langevin transducer as shown in Fig.1 , where the front mass of the transducer has a conical profile and slots have been cut partially through the mass and rotated around the longitudinal axis of the transducer. 
Transducer Finite element model
Multiple transducer models have been created and analysed in ABAQUS finite element software to evaluate and attempt to maximise the torsionality. Fig.1 shows a diagram of the final transducer which consists of a stainless steel back mass, PZT-8 piezoceramics with copper electrodes, a titanium central pre-stress bolt, and a partially-slotted titanium front mass. Transducer materials are chosen such that the acoustic impedances of the front and back masses match that of the piezoelectric material and therefore minimise internal reflections [5] . In order to avoid unnecessarily complicated models of the joint interfaces and piezoelectric losses, a global damping ratio is used for all materials. The value is found using the Rayleigh formula, the viscous constant β being defined by the following expression: where r ω is the modal frequency and m Q is the mechanical quality factor which is estimated at the beginning of the analysis and then corrected after an experimental harmonic analysis of the fabricated transducer. Fig. 2 shows the fabricated piezoelectric transducer. In order to study the longitudinal and torsional responses, 18 measurement points were selected along the transducer in the axial (z) direction and the responses in the x-direction and z-direction were extracted as shown in Fig.3 . Response data from the same locations were extracted from the numerical model in order to compare results. The experimental modal analysis (EMA) and numerical finite element analysis (FEA) results are shown in Fig. 4 . The EMA is carried out by exciting the transducer with a random signal over a frequency range of 0-80 kHz, whilst the response is measured using a 3D laser Doppler vibrometer. The experimental results show that the modal frequency of the degenerate mode occurs at 19036 Hz and the closest vibration modes are a bending mode at 15706 Hz and a torsional mode at 22077 Hz. These modal frequency results are in agreement with the FEA results to within 6% and the differences may be ascribed to assumed material specifications, damping estimations and simplifications of the boundary conditions. It is apparent that there is a good frequency separation, more than 15 %, between the desired degenerated vibration mode and that of the nearest bending mode. This provides confidence that the desired degenerated mode will not be coupled with unwanted bending modes and demonstrates that incorporating the geometry that results in a degenerated mode in the transducer itself succeeds in eliminating the known problem of bending mode contributions. The longitudinal and torsional responses to a range of continuous swept-sine excitations were measured at a point on the circumference of the transducer tip in order to calculate the torsionality. Variation of torsionality with the excitation frequency is shown in Fig. 5 , and the numerical and experimental peak responses at resonance, and the corresponding torsionalities, are shown in Fig. 6 . Fig. 5 illustrates that, at low excitation frequencies, passage through the longitudinal resonance has a limited effect on the underlying trend in mode shape. However, at higher voltages the mode shape is influenced and torsionality at resonance is seen to decrease. In Fig. 6 these trends are illustrated by the general downward progression in the experimental torsionality found between 25 V and 150 V excitation, although the result at 125 V does not appear to fit the trend. 
Experimental analysis and results
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Perhaps more significant results portrayed by Fig. 6 are the consistent overprediction of torsionality made by the FE analyses at all excitation voltages, and the mounting overprediction of both the longitudinal and torsional response at higher voltages. The overprediction of torsionality at all excitations may be related to the internal structure of the transducer, the central bolt obviously providing less torsional than longitudinal stiffness whereas, in the FE model, the boundary conditions are simple constraints in both directions. Less torsional stiffness, and potential torsional movement between mechanical elements during operation, could be responsible for additional torsional damping and the underperformance of the mechanical system.
More general overprediction of both the longitudinal and torsional responses may be ascribed to nonlinearities in the mechanical system. As the amplitude is increased the elements of the stack will become more highly stressed, and movement between elements will begin to occur. This movement causes damping and, as a result, few real-world ultrasonic systems can reproduce the linear behaviour of a perfect mathematical model at higher excitation voltages.
Conclusion
Modifications to the front mass of a piezoceramic transducer were designed using finite element modelling, the optimum design being manufactured and analysed using laser vibrometry to determine how effectively it degenerates an excited longitudinal mode into a composite longitudinal-torsional response at the output face of the transducer. The finite element models are shown to be a very useful design tool and permitted analysis of the trends of response to excitation voltage in terms of response and torsionality. However, the models overpredicted torsionality in the transducer.
The combination of exponential area reduction and helical slotting in the front mass is shown to be an effective technique for the development of longitudinal-torsional vibration, delivering high responsiveness and torsionality without bending modes interfering with the desired output. Whilst the trends are not wholly linear due to movement and damping between the elements of the stack, the reduced element count of this architecture mitigates these shortcomings.
The simplicity of the manufacture and excitation of the device suggests that it is practical for use in a wide range of applications requiring some longitudinal-torsional vibration output.
